In this paper an original numerical model, based on the standard Berg model, was used to simulate the growth mechanism of NiCrxOy deposited with changing oxygen flow during reactive sputter deposition. The effect of oxygen flow rate on the discharge voltage, deposition rate and the material elementary composition were investigated. The ratio of Ni and Cr content in the film was measured using energy-dispersive X-ray spectroscopy (EDX). EDX detected a decrease in the Cr concentration with the increasing of oxygen flow rate due to the preferential oxidation of Cr to Cr2O3. Results show a reasonable agreement between numerical and experimental data.
INTRODUCTION
 Nickel oxide and chromium oxides are frequently used in fields requiring a strong absorption in the visible range like electrochromic coatings and solar selective absorbers [1 -2] . The interest for electrchromic material is based on their potential applications to e. g. smart windows, glare free and variable reflectance mirror and gas sensors [3 -4] . Besides these applications, new technologies based on renewable energies, and in particular of solar energy, are undergoing a fast development. Among potentially attractive solar selective coatings, nickel chromium oxide thin films become more and more attractive for the researchers due to their high absorptance. Although the properties of nickel and chromium oxide layers have been studied [5 -7] , mixed oxide layers such as NiCrxOy have received to date very little attention.
The film properties are known to be strongly dependent on the deposition parameters. The electronic and optical performance of NiCrxOy is relative to the structure of the thin films. A slight change in the film composition can lead to very different optical constants of the material [8] . Moreover, the reproducibility and stability of electrical properties are dependent on the ratio of Ni and Cr element in the film. Hence, understanding of the influence of process parameters on the film composition is quite necessary.
In this paper, we present a model that enables us to predict film composition of NiCrxOy prepared by reactive sputtering. Based on this model, the effect of oxygen concentration on the films composition was discussed. In the experimental part, we report NiCrxOy thin films deposited by magnetron sputtering method with different oxygen flows and investigate the changing fraction of Ni and Cr with respect to the oxygen flow using EDX analysis. Moreover, the influence of O2 flow rate on the reactive It is assumed that the gettering of reactive gas onto metal nickel and chromium contributes the formation of NiO and Cr2O3 on the target respectively, which will increase θt2 or θt4, respectively. For the metal Ni sputtered from the target, if the atom comes from the fraction of θt1 and deposits on the substrate surface which previously consisted of NiO, then the fraction of Ni will increase and the fraction of the other compositions will decrease. Furthermore, when the compound of NiO sputtered from target deposit on the substrate which previously consisted of Ni, Cr or Cr2O3, then the corresponding fraction of θsi (i!=1) will decrease and the fraction of NiO will increase.
However, the fraction of flux 
Conditions at the target surface
By making the assumptions above, and in combination with the simplifications presented earlier, the balance equations for the conditions on the target should be rewritten as the following:
where J is the ion-current density, q is the elementary electronic charge. α1 is the probability (sticking coefficient) for a oxygen molecule to react with a Ni atom that comes from the θt1 fraction of the target. l1 is the stoichiometry of NiO. At is the target area. F represents oxygen molecules/ unit area and time. Eq. 1 determines the balance of the Ni atom fraction (θt1) on the target. For simplicity, the sputtered material from the surface fraction
is assumed to be sputtered as molecules, irrespective of whether the material is ejected in atomic or molecular form. The only way sputtered compound molecules may be replaced is by reactions between neutral reactive gas molecules and Ni atoms.
Moreover, Eq. 2 determines the balance of the fraction of θt3 on the target. Here, l2 is the stoichiometry of the Cr2O3. The reaction between Cr atoms and oxygen molecule will contribute to a decrease in the value of θt3. On the other hand, the compound Cr2O3 are sputtered from the surface fraction θt4 and that will increase the fraction of θt3. Also note that all the compound fraction sums to unity (Eq. 3). An expression for A can be formulated in Eq. 4, which states that A is equal to the ratio between the total amount of Ni and Cr atoms on the target.
Conditions at the substrate surface
At steady state, the contributions supporting an increase in θsi must be identical to the contributions that support a decrease in θsi. This leads to the following balance equations (Eq. 5 -Eq. 8) for the collecting area As.
Eq. 5 determines the balance of the fraction θs2 on the substrate. The fraction of flux
that deposited onto the fraction of Ni, Cr or Cr2O3 will increase the fraction of θs2. Obviously, the reactions between O2 and Ni atoms at the substrate surface will increase θs2. The fraction of flux
deposited onto the fraction (θs2) will contribute to a decrease in θs2.
Similar to the above, the steady-state equation for the fraction of Cr and Cr2O3 on the substrate may therefore be defined as:
Finally, the sum of fractions (θs1, θs2, θs3, θs4) is equal to 1, as in the case of the target surface.
Therefore, compound formation by reaction between oxygen molecules and Ni, Cr at the target will consume reactive gas molecules Qt1, Qt2 reactively. The consumption (number of oxygen molecules per unit time) at the target Qti can be obtained from Eq. 9.
While the consumption Qsi at the collecting area As can be expressed by Eq. 10
The remaining part Qp of the reactive gas will escape from the processing chamber through the pumping system.
The total supply rate of the reactive gas is denoted Qtot, where
EXPERIMENTAL
The NiCrxOy coatings were deposited from a NiCr target by DC reactive magnetron sputtering. The deposition chamber was evacuated to a base pressure of about 1.0 × 10 -4 Pa by a combination of turbomolecular and rotary vane pumps. In order to ensure reproducible results of the reactive sputtering between runs, the NiCr target was first pre-sputtered by argon plasma for 15 min, and then oxygen injection was kept on for 15 min until the equilibrium reached in the argon/oxygen mixture. Argon and oxygen flow were controlled by using independent mass flow controllers, the argon flow was kept constant at 100 sccm and the oxygen flow was varied from 1.0 to 6.0 sccm. Before the substrates were mounted on a substrate holder, they were ultrasonically cleaned in acetone, ethanol and de-ionized water for 20 min sequentially, and then dried by pure nitrogen stream. For all the experiments, two steps were applied: cleaning of the NiCr target surface by pre-sputtering of 15 min in a pure argon atmosphere, followed by reactive deposition of NiCrxOy films for around 25 min. The substrate holder was rotated at 10 rpm to ensure uniformity of film deposition and there were no intentionally h+eating during experiment. So the deposition temperature is 300 K.
RESULTS AND DISCUSSION
As the values of the sputtering yields are crucial input parameters for the calculation of sputter yield, a binary collision approximation (BCA) has been used in this work. BCA is routinely used to describe ion/solid interaction for sputtering yield calculations. In this work, the program Transport of Ions in Matter (TRIM) from The Stopping and Range of Ions is Matter (SRIM [9] ) 2006 package was used. TRIM is a static program, where the target composition is fixed and not influenced by ion bombardment. TRIM calculations give the sputter yields of Ni and Cr are 1.62 and 1.44 for argon plasma with the ion energy of 400 eV.
From the above modeling, it is possible to calculate the fraction of Ni, Cr, NiO and Cr2O3 on the target as a function of oxygen flow, which was shown in Fig. 2 .
Fig. 2. Calculated results for fraction of Ni, NiO, Cr and Cr2O3
In the modeling section, the input parameter of initial ratio of Ni and Cr element on the target is 4:1. It indicates that the initial fraction of Ni and Cr are 80 % and 20 %, respectively. The fractions of metal Ni and Cr decrease most rapidly for low reactive gas flow, but decrease asymptotically to zero for high flows. On the other hand, the NiCr target was first pre-sputtered by argon plasma in the experiment. So, the target is assumed to be covered only by NiCr alloy for zero flow of oxygen in the modeling. Therefore, the fractions of NiO and Cr2O3 are equal to zero at the beginning of the curves. With the continued increasing amount of oxygen, the fractions of NiO and Cr2O3 increase dramatically in the region of 2 -2.8 sccm, and gradually increase to the steady value. In the region up to 2 sccm, the fraction of NiO and Cr2O3 become higher than those of the corresponding metals. In the compound mode, the target surface is covered with a compound layer which has typically sputter rate much lower than the corresponding metal.
It is seen from Fig. 3 that the deposition rate decreases dramatically at oxygen flow of 2.5 sccm, corresponding to the point that fractions of oxides dramatically increase. In the reactive sputtering, the deposition rate is closely related to the sputtering yield of the target. However, when the oxygen flow is low, the sputtering process occurs in metallic mode. Also, the oxide formation rate on the target is lower than the sputtering etch rate of the material from the target, hence the sputtering yield usually keeps a high value close to non-reactive sputtering. As a result, the thickness of the film which contains a certain amount of oxygen will be larger than the pure metal or the one contain less oxygen, due to the volume expansion caused by the incorporation of oxygen into the film during deposition. Therefore, the oxide coverage area on the target surface will increase rapidly with lower oxygen flow.
When the oxygen flow exceeds a critical amount, more oxygen can react with the target and the oxide formation rate on the target surface will eventually exceed the etch rate of metal and oxide. An oxidized target will be formed and the sputtering occurs in oxide mode. Then the deposition rate is reduced significantly because NiO and Cr2O3 have considerably lower sputtering yield compared with that of metal Ni and Cr, respectively.
Fig. 3. Experimental mass deposition rate vs. the flow of oxygen
The abrupt transition from high rate metal mode to compound mode, with substantially lower mass deposition rate, occurs at a flow of 2.5 sccm of O2. The transition is accompanied by an equally abrupt change in the discharge voltage, as shown in Fig. 4 , due to a change of target surface composition.
Fig. 4. Experimental results of target voltage vs. oxygen flow
In the reactive sputtering, the competition between the formation and erosion of the oxide on the target surface is strongly influenced by the oxygen flow rate. Many status parameters of the reactive sputtering process such as oxygen partial pressure, cathode voltage etc usually show a highly non-linear hysteresis. And the main reason for such phenomena can be explained as followed. when the oxygen flow below the critical amount, the formation rate of the oxide on the target surface usually lower than or equal to the sputtering etch rate, therefore the oxide coverage area on the target surface will increase gradually with the oxygen flow and so does the cathode voltage. But when the oxygen flow exceeds the critical amount, the oxide coverage area on the target surface will increase rapidly, and target will be fully oxidized eventually, which will cause an abrupt change of the cathode voltage. With the decrease of oxygen flow, the status of the target surface will not be changed immediately even the oxygen flow lower than the critical amount, resulting in the hysteresis effect. Due to the different reactivity of Ni and Cr, and also the different ratios YNi/YCr (sputtering yield) of the targets, the film composition may vary quite dramatically as a function of the reactive gas supply Otot. In Fig. 5 , the metal ratios in the films as a function of oxygen flow rate are shown for the reactive sputtering of NiCr. For zero flow of oxygen, the target is covered by NiCr alloy. As we mentioned above, the initial area ratio of Ni and Cr on the target is assumed to be 4. Moreover, the sputter yields of Ni and Cr are given by 1.62 and 1.44, respectively. Thus, the initial ratios of Ni and Cr in the films are equal to 1.62 × 4/1.44 = 4.5. With the increasing amount of oxygen, the target surface is covered with the compound layers of NiO and Cr2O3 which have typically sputter rate much lower than the corresponding metals. According to the results in Ref [10 -11] , Cr is preferentially oxidized to Cr oxide on a NiCr alloy surface and Ni in the alloy reacts with oxygen more slowly than the Cr. Normally, the sputter yields of oxides are far less than those of metals. The ratio between the total amount of Ni and Cr on the target is constant. Therefore, the average sputter yield of Cr element (Cr + Cr2O3) becomes lower than that of Ni element (Ni + NiO), resulting in the reduction of ratio of Cr element and Ni element in the film. It is seen that the trends in the experiments are adequately described by the simulations. Therefore, the model can be used to find optimum processing conditions for deposition of NiCrxOy films of a desired element ratio.
CONCLUSION
In this article, the reactive sputter deposition of NiCrxOy was investigated by both numerical modeling and experiments at different reactive gas flow. The reactive sputtering behaviours of the targets such as target voltage and mass deposition rate have been explained from the sputter yields of Ni and Cr. The influence of O2 flow rate on the reactive deposition parameters (deposition rate, target voltage, material elementary composition) was systematically studied.
The metal ratios of Ni and Cr respect to the oxygen gas flow employed in the numerical model were confirmed by EDX. Results show a reasonable agreement between numerical and experimental data. Increasing the O2 flow rate, EDX detected a decrease in the Cr element concentration. It is because that the Cr on the target tends to react with oxygen more easily than Ni.
